Student misconceptions
Prior to performing the experiment, it is important to address three common misconceptions (dealing with electric fields and forces) held by students and how this exercise may address these problems. As outlined by Randall Knight: 4 
The three-dimensionality of electric fields
Students are introduced to the concept of the electric field existing within a parallel-plate capacitor as a two-dimensional image of arrows running perpendicular to two long bars of charge opposing each other, with little emphasis on how this model could be extended to a pair of infinite-charge planes ( Fig. 1 ). It follows that most students have difficulty visualizing three-dimensional electric fields and how the field influences the motion of a particle in three spatial dimensions.
This experiment gives students an opportunity to visualize how an electric field affects the motion of not only a point charge but an ensemble of connected charges (molecules of varying length) in all three spatial dimensions in real time. Students will immediately see columns of dye molecules (of equal molecular weight) migrate to either end of the gel. Prior to running the experiment, instructors should consider introducing the students to two Java-based applets: A simulation that Falstad provides demonstrates what fields look like in a parallel-plate arrangement, while an ActivPhysics simulation demonstrates how charges move in uniform three-dimensional fields. 5 
Uniform electric fields of constant value
Some students hold the misconception that the strength of the electric field diminishes in a dielectric medium. As research suggests, students believe that one charge blocks the electric field due to the other layer. 6 Because the agarose
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Skyler R. Saucedo, Palmer Trinity School, Miami, FL G el electrophoresis, used by geneticists and forensic experts alike, is an immensely popular technique that utilizes an electric field to separate molecules and proteins by size and charge. At the microscopic level, a dye or complex protein like DNA is passed through agarose, a gelatinous three-dimensional matrix of pores and nano-sized tunnels. When forced through a maze of holes, the molecule unravels, forming a long chain, slithering through the field of pores in a process colloquially coined "reputation. " 1 As a result, the smaller molecules travel farther through the gel when compared to molecules of larger molecular weight. This highly effective "molecular sieve" provides consistent data and allows scientists to compare similar sequences of DNA base pairs in a routine fashion. 2 When performed at the high school level, gel electrophoresis provides students the opportunity to learn about a contemporary lab technique of great scientific relevance. Doing real science certainly excites students and motivates them to learn more.
In many cases, students learn how to use a micropipette, create an agarose gel, and (if all goes to plan) have the opportunity to actually see dyes move across the gel. Instructors typically provide a qualitative explanation (the electric field/ current moves the molecules; the smaller the molecule, the faster and farther it moves across the gel, for example) or an explanation that is beyond the scope of the class.
A common misconception held by students (and instructors alike) is that the electric field provides a force that continuously accelerates a charged molecule across the gel; this explanation is correct to some extent, but fails to explain the role of the molecule's drag force and subsequent terminal velocity. 3 In gel electrophoresis, the drag force plays a dominant role in the early stages of the dynamics, and, as a consequence, the molecule has no net acceleration through the duration of the experiment. Such details are trivial when introducing this lab to students at a conceptual level. Excited as the students are, many are left with little to no opportunity to explore on their own, and ultimately follow a rigid sequence of procedures that does little more than verify that the process actually works.
This paper proposes an inquiry-based method to investigate the robust dynamics of gel electrophoresis at the high school level. The goal is to motivate students to develop a working kinematic model and to test the model experimentally. Such an exercise works best in an AP Physics classroom, at a point in the course when concepts in electrostatics, specifically dealing with charges and electric forces and fields, are fresh in students' minds. Although any protein structure can be used, colored dyes of low molecular weight (350-550 g/mol) work best, as the phenomenon is clearly visible and the collection of data straightforward. Flinn Scientific® offers a large array of dyes with known macromolecular properties. 8 Lastly, students should prepare the agarose gels with the wells in the center, so that they can see positively charged molecules migrate towards the negative terminal and vice versa. Allowing students to create a time-lapse video of the experiment, with a stopwatch and measuring ruler in frame (see Fig. 2 ), is highly beneficial to those who wish to analyze the data as homework. 9 
Developing a working model
With a general procedure outlined, initiate the inquiry component of the lab by asking students to reflect upon the motion of the dye within the electric field. How fast will the dye travel? Can we predict the direction of the molecule's motion? What role do macromolecular properties like mass and charge play in the overall motion of the molecule? Suggesting terms from kinematics such as displacement, velocity, and acceleration will help the students develop conceptualized predictions; ultimately the students should sketch displacementtime and velocity-time graphs of the process, with a short explanation defending their hypothesis.
Students will need to consider proper time scales without actually knowing how long this process takes. Offer an example: a positively charged dye with a molecular weight of 250 g/mol covers 2 cm in about 36 min when under an electric field held at 75 V.
Next, ask the students to draw a free-body diagram of all forces acting upon the charge. Most students will suggest that the net force is the electric force F e = qE. Invoking Newton's second law, ask students to determine an expression for the charge-to-mass ratio (or q/m ) of the moving dyes. Since F net = ma, the expression for this ratio is q/m = a/E . Allow students to improve their predictions if necessary.
In some cases, students will immediately question the extent of the gel's influence upon the moving dye. Once students run the experiment, some will observe the dyes move through the gel at a constant rate. How do we factor this effect into the equations of motion? Ask the students to think about a freely falling skydiver falling in a uniform gravitational field with gel is neutrally charged, it is important to emphasize how the electrophoresis experiment closely resembles a parallel-plate capacitor generating a uniform electric field at every point inside the medium. As Knight suggests, the field found between the parallel plates (or terminals) is the electrical equivalent of a flat-Earth gravitational field. Students need to realize that the electric field is the same strength at all points inside the capacitor and gel.
Charge determines direction
Lastly, the charge of the dye determines the direction of the moving charge; this is an important concept to experimentally verify, since some students don't automatically recognize that the force on a negative charge or molecule is opposite the field direction.
General considerations
Due to the considerable amount of preparation necessary to run this lab effectively, it would be in the instructor's best interest to have a thorough understanding of how to use gel electrophoresis equipment prior to introducing it to students.
Although several videos are available on the web, The University of Utah's Genetic Science Learning Center's website offers a helpful (and free) virtual walk-through of the process as a downloadable Flash video. 7 Students will benefit greatly from watching this video as a pre-lab exercise and will see how gel electrophoresis is used in a genetics laboratory.
Proper safety techniques must be practiced since there is a risk of electrocution. While some electrophoresis kits are equipped with covers that protect students, the covers are excellent collectors of condensation and greatly hinder the ability to accurately measure the displacement of the moving dye.
A recommended time sequence for a fruitful and effective study of this topic is as follows: one 45-minute class period for a full discussion on theory, procedure, and safety, followed by one 45-minute class period as a dry run, where students create the agarose gel and practice dropping dyes into the submerged wells of premade gels. An additional 45-minute class period should be dedicated to analyzing and interpreting the data with students. In order to interpret the dynamics of the moving dyes, students will need to collect the time-dependent displacement of the dyes, similar to Equation (3) is experimentally relevant since one no longer has to quantify the drag coefficient k a priori. Instead, one can experimentally measure the terminal velocity of the molecule and rescale a theoretical curve to match up with empirically derived data.
From Eq. (3), one can predict that the molecule will asymptotically reach a terminal velocity since the exponential term approaches zero as t → . For time scales where acceleration can be measured, time constant t should be considered as: (4) Using the known charge-to-mass ratios for the dyes used in our experiment, t hovers between 0.134 s -1 and 55.4 s -1 , which means our system typically reaches terminal velocity between 14.4 and 36.2 ns, too fast to be observed by the human eye.
To solve for y(t), the vertical displacement of the molecule, one can express v as dy/dt in Eq. (3) and integrate to solve for y(t), using the boundary conditions y 0 = t 0 = 0 . (5) The direction of the displacement depends upon the sign of the charge, as seen in Fig. 4 . In regime I, the molecule is at rest but accelerates due entirely to the electric force. In regime II, the molecule's acceleration value changes rapidly, on the order of 1/t s. As the magnitude of the velocity in regime II increases, the magnitude of the drag force begins to approach the magnitude of the electric force. In regime III, the magnitude of the drag force is equal and opposite to the electric force; with no net force, the acceleration upon the dye is zero and a terminal velocity is observed (seen as a constant slope in a displacement-time graph).
Data analysis and results
Before collecting the displacement-time data of the dyes, discuss a strategy with the students that is consistent and logical. Since a wake of smeared dye trails the moving bulk, the interface between the dye and gel may be the most visible air resistance present; the faster the diver falls, the more air resistance she feels and therefore the stronger the drag force. However, in this case, the electric force takes the place of the gravitational force, and the gel is a resistive medium that supplies a velocity-dependent drag force upon the dye.
Can the instructor lead a discussion with the students that allows the students to craft the equations of motion? The challenge for the instructor is to foster an inquiry-like setting by leading a discussion Socratically, keeping quiet and not giving away too much information too quickly. With any luck, the students will decide that the drag force exists and is directly proportional to the velocity of the object (although F ~ v 1.2 is more realistic 2 ). Spiraling back to the concept of a skydiver approaching terminal velocity is a very powerful pedagogic tool and should be used to direct the discussion in the right direction. Students will ultimately see that modeling the dynamics of this system and solving for the molecule's terminal velocity reveals a way to classify the intermolecular properties of dye and its interaction with the gel.
The equations of motion
If we consider the string of molecules as a particle of mass m and charge q, then we can express Newton's second law as (1) where qE is the magnitude of the electric force and kv is the drag force, which opposes the direction of motion and is proportional to the velocity of the particle by a drag coefficient k.
Substituting using the boundary condition v 0 = t 0 = 0, and integrating both sides yields the general expression (2) m As illustrated in Fig. 3 , for longer time scales, the molecule reaches terminal velocity v t and the dv/dt term in Eq. (1) vanishes; in this case, one can solve for the velocity as vt = qE/k . Equation (2) can be rewritten as expensive units (dyes and agar not included). For the experiment described in this paper, we used the standard double-gel electrophoresis chamber and variable voltage power supply and kit, which includes dyes and agar and retails for $540.00 on the Flynn website.
